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Abstract : Breakdown studies hale been earned out by varying the fill pressure, applied loop 
voltage and external vertical field. Thfjroptimum pressure is found to be around 7.0 x 10“  ^torr 
which corresponds to minimum volt<^cs consumption and loop voltage. Results arc compared 
with model calculations.
Key w ords : Tokamak. breakdown, discharges. 
PACS No : 52.55.Fa
1. Introduction
In a tokamak discharge, voli-scconds are consumed during the breakdown of the neutral gas, 
in driving ihe toroidal plasma current and in confining ihe plasma. In order to have longer 
discharges and higher plasma current, it is essential to minimize the volt-sccs consumed 
during breakdown phase. The volt-second consumption during the breakdown is afTected by 
various factors namely, the fill gas pressure, the applied loop voltage, error magnetic fields 
etc., which determine production and loss rales of the electrons. Papoular [1 ] has studied the 
effect of poloidal field and toroidal drift on the breakdown and the subsequent current 
growth. The role of convective losses in the phase preceding the formation of rotational 
transform was studied on CASTOIR tokamak [2]. Sometani and Fujisawa [3] have studied 
breakdown in JFT-II tokamak in presence of applied vertical fields. In the following, we 
rcpOTt the results of the breakdown studies carried out on ADITYA.
2. Experimental set-up
The ADITYA tokamtde [4] has a major radius of 0.75 m and minor radiuS of 0.25 m. For the 
present studies the ux’oidal field is 0.24 Tesla on the axis.
The breakdown studies were carried out by varying fill gas pressure from 1.0 x lO"® 
torr to 3 X 10^ torr, and the peak loop voltage from 10 to 24 volts. The loop voltage is
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produced by discharging a capacitor bank (408 pF, 10 kV) charged to different voltages in 
the range of 3 kV to 8 kV, In the absence of plasma, the loop voltage is a cosine function of 
time with a quarter period of 7 ms. The breakdown is indicated by change in the slope of loop 
voltage. The signatures of the breakdown are also seen in the rise of the plasma current 
measured by Rogowskii Coils, and the optical signal measured by photo-diodes and photo­
transistors, Hard X-rays measured by 3" x 3 ” NaI(Tl) scintillator are also monitored during 
these studies.
3 . Results and discussion
3.1. Dependence on pressure and emptied loop voltage:
The experiments show that successful discharges can be obtained for the peak loop voltages 
in the range of 10 V to 24 V for initial gas fill pressure in the range of 2.5 x 10“® torr to 3.0 x 
lO"^  torr. The loop voltage for ADITYA rises very fast (in less than 1(X) ps) to its peak value 
and then dacays with a time constant decided by the parameters of the capacitor bank and the 
ohmic coils. The breakdown, therefore, always occurs on the falling part of the voltage curve 
as sufficient volt-secs are not available in the rising phase of the loop voltage. As the loop 
voltage built-up is achieved by the rising of the current in the ohmic primary, the error fields 
at the beginning of the discharge, due to the current flowing in the ohmic circuit, are very low 
(< 5 Gauss).
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Figure 1. Typical time profiles of<different parameter measured during a shot; (a) plasma current 
(I-Plasma) and optical signal; (b) loop voluge.
Results of a typical discharge is shown in Figure 1. Them ow mark shows the onset 
of the breakdown, as indicated by the change of slqre of the loop voltage. Plasma current and
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the opticfll sifTittl stsrt 3ppc3ring &t the ssme instant. The donriflin of successful dischurges is 
determined by varying the pressure and the loop voltage. The results are given in Figure 2a, 
where "X" indicates unsuccessful discharges and 'Y' indicates the successful ones. For gas 
pressure below 2.4 x 10~® torr no breakdown is obs^ed for loop voltages 5 24 volts. The 
behaviour is similar to the pattern observed Papoular [1]. The minimum in breakdown 
voltage for a successful discharge is around x 10-* torr. Above 1.0 x 10“^  torr the loop 
voltage required for breakdown increases steeply.
483
so
Zb
20IB
10
5
o
Y YYY Y Y r
Y Y YY Y YY
ft X X X
V
0LTS
EC
K)
P
t
A
KI
P
k
A
Figure 2. Plots of (a) breakdown voltage, (b) time delay, (c) voli-scconds, (d) peak plasma 
current, versus the neutral gas pressure.
The time delay between the application of the ohmic field and the onset of the 
breakdown is plotted in Figure 2b as a function of the pressure for various loop voltages. It 
shows a broad minimum around 7.0 x 10"^  torr. The delay increases steeply for lower 
pressures. For a given pressures the time delay decreases with increasing loop voltage. The 
volt-seconds*consumed during the breakdown, defined as J where /jy is the delay 
time, is shown in Figure 2c as a function of pressure for different applied loop voltage. This 
also show a broad minimum around 7.0 xl()“^ torr. Further it is observed that the maximum 
plasma current is obtained at a fill pressure of 7.0 x 10 ^  ^ torr for different charging voltages. 
The peak current increases with increasing charging voluige as shown in Figure 2d. These 
results indicate that the optimum neutral pressure in around 7.0 x lO”^ torr.
The above results are consistent with the following scenario of gas breakdown. The 
buildup of the discharge is decided by the production of electrons through electron-neutral 
collisions and loss due to various mechanisms [1]. At the optimum pressure an avlanche is
favouied. At lower pressures, the electron-neutral collision frequency decreases resulting in 
increase in the parallel velocity of Uie electrons and consequent increase in electron loss due to 
toroidal drift and error fields. The brerdedown is, therefore, inhibited. At highw pressures the 
efectron mean free path becomes smaller and collisions prevent electrons from gaining 
sufficient energy for ionisation which is detrimental to avalanche.
As per Papoular's model [1] the delay in breakdown time is given by 
1
(v -j8 )
where n„ is the molecular fill density and n«0 is the electron density present at time r s  0 , v is 
the production rate given by
v*oi;ii (2)
where Vjiis the drift velocity given by 
0 ||»= 3.5 X10* p  cm/s
BO
484 P  ^  ^
( 1 )
(3)
4.5
4.0
3,5
B 3.0
< 25
o .
2.0
1.5
\J0
0.5
ao<
mS$UHC (Tori')
Figure 3. Model calculations of delay time compared with the experimental measurement
£  is the electric fields in volts/cm and pressure P is in torr. The Townsend coefficient is given 
by [5].
a
= 2.5 1-ex p  -7.34 X 10,-s. (4)
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The loss rate, p  is dominated by the error field (fi,) and is given by
485
(5)
Figure 4. Plasma current evolution for diTferem applied vertical fields.
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Figure 5. Time profiles of plasma current and optical signal in presence of externally applied 
venical magnetic field.
where 'a' is the minor radius, and Bj is the tCHoidal field. Taking the ratio of ^  M 
and 10% ionization the delay time has been estimated and shown in Figure 3. The agreement
B 5 & 6 (5 )
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between the observed and estimated delay times is suprisingly good even though the 
calculations are for 10% ionisation while the ionisation at the breakdown time is rather 
poor (“ 3%).
3.2. Effect of applied vertical magnetic field:
For the discharges described above, no attempt was made to obtain equilibrium through 
vertical magnetic field. In order to study the effects of the vertical field, a capacitor bank was 
discharged through the vertical field coils simultaneously with the ohmic field. It was found 
that this did not make any difference to the delay time for the onset of the breakdown. Plasma 
current and the discharge duration, however, increased significantly. While the rate of rise of 
the current was •• 3 MA/s in absence of the vertical field, it increased to about S.S MA/s with 
a vertical field rising at a rate of 23 kG/s. The results are shown in Figures 4 and 5.
In the absence of the vertical field the ionisation is poor (independent measurement 
give an estimate of 3%) as indicated by the optical signal which follows the plasma current 
(Figure 1). As the vertical field is increased optical signal increases initially with plasma 
cuhent but falls off much faster than plasma current indicating improved degree of ionisation 
(Figure 5). These observations can be understood as follows:
The estimated error field (B,), in ADITYA is about 5-10 Gauss and the vertical 
elecU'ic field measured using Langmuire probes show that rotational transform gets 
esuiblished when the plasma current Ip exceed 1-2 kA [6]. The equivalent magnetic field for 
ho(H) force. JSaoo^ . is -> 4 Gauss per kA of plasma current. Both B, and lead to loss in 
radial outward direction. The applied vertical magnetic field (Bv) must compensate for these 
fields. The delay in the application of the vertical field and the appearance of this field inside 
the vacuum vessel is typically 2.S ms as measured by a magnetic pick-up probe. At the onset 
of the breakdown. B v is very low and hence does not effect the time delay. But the improved 
equilibrium later reduces the losses and hance leads to better ionisation.
4. Conclusions
The breakdown studies in ADITYA indicate that the optimum pressure is » 7.0 x 10~^  torr at 
which discharge takes place with minimum loop voltage and minimum consumption of volt- 
second. It is essential to have vertical field to achieve better equilibrium, faster ionisation and 
faster current rise.
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